We i n v estigate collapse of a spherical cloud of counter-rotating particles. An explicit solution is given using an elliptic integral. If the specic angular momentum L(r) = O ( r 2 ) a t r ! 0, no central singularity occurs. With L(r) like that, there is a nite region around the center that bounces. On the other hand, if the order of L(r) is higher than that, a central singularity occurs. In marginally bound collapse with L(r) = 4 F ( r ), a naked singularity occurs, where F(r) is the Misner-Sharp mass. The solution for this case is expressed by elementary functions. For 4 < L=F < 1 at r ! 0, there is a nite region around the center that bounces and a naked singularity occurs. For 0 L=F < 4 at r ! 0, there is no such region. The results suggests that rotation may play a crucial role on the nal fate of collapse. The nal fate of gravitational collapse is an important problem of relativistic astrophysics and gravitational physics. A black hole is usually considered as the nal state of generic gravitational collapse, and its properties have been investigated [1] . In particular, a cosmic censorship hypothesis [2] is a critical assumption of theorems on black holes. For example, singularity theorems [1] with this hypothesis predict the existence of black holes. Therefore, it is very important t o know the behavior of collapse of various kinds of matter in order to obtain the overall picture about the general nature of gravitational collapse. For example, it is well known that spherically symmetric dust collapse from generic initial data results in a naked singularity [3{6]. This system is rather tractable because of the existence of an explicit expression, i.e., the Lematre-Tolman-Bondi (LTB) solution. The assumption of dust matter will be considered to be rather unrealistic. In fact, it is obvious that the eect of pressure should be taken into account because the formation of a naked singularity in the LTB solution results in blow up of the energy density. Introducing tangential pressure alone does not lose the merit because this system is also given by an explicit integral [7] . Singh and Witten [8] considered tangential pressure proportional to the energy density and found that in collapse from rest there is a nite region near the center which expands outwards if the tangential pressure is positive. A spherical cloud of counter-rotating particles is an example with tangential pressure and no radial pressure. This system was considered by Datta [9], Bondi [10] and Evans [11] . However, the causal structure of the space-time was not investigated and this is one of our interests.
The nal fate of gravitational collapse is an important problem of relativistic astrophysics and gravitational physics. A black hole is usually considered as the nal state of generic gravitational collapse, and its properties have been investigated [1] . In particular, a cosmic censorship hypothesis [2] is a critical assumption of theorems on black holes. For example, singularity theorems [1] with this hypothesis predict the existence of black holes. Therefore, it is very important t o know the behavior of collapse of various kinds of matter in order to obtain the overall picture about the general nature of gravitational collapse. For example, it is well known that spherically symmetric dust collapse from generic initial data results in a naked singularity [3{6] . This system is rather tractable because of the existence of an explicit expression, i.e., the Lematre-Tolman-Bondi (LTB) solution. The assumption of dust matter will be considered to be rather unrealistic. In fact, it is obvious that the eect of pressure should be taken into account because the formation of a naked singularity in the LTB solution results in blow up of the energy density. Introducing tangential pressure alone does not lose the merit because this system is also given by an explicit integral [7] . Singh and Witten [8] considered tangential pressure proportional to the energy density and found that in collapse from rest there is a nite region near the center which expands outwards if the tangential pressure is positive. A spherical cloud of counter-rotating particles is an example with tangential pressure and no radial pressure. This system was considered by Datta [9] , Bondi [10] and Evans [11] . However, the causal structure of the space-time was not investigated and this is one of our interests.
Using comoving coordinates, a spherical symmetric space-time describing a matter with no radial pressure is given by 
where h = h(r; R ) gives a relation between the energy density (r; t ) T t t and the tangential pressure (r; t )
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The energy density is given by
The arbitrary functions F(r) and f(r) > 1 are the conserved Misner-Sharp mass and the specic binding energy, respectively. The function h(r; R ) > 0 has a meaning of the internal elastic energy per volume and the dust limit is
given by h = 1 [12] . From regularity at the center, f(0) = h 2 (0; 0) 1, R(0; t ) = 0 , j (0)j < 1 and F(r)=r 3 < 1 at r ! 0. Note that we can set f(0) = h 2 (0; 0) 1 = 0 because only the ratio of h 2 to 1 + f is meaningful. The solution can be matched with the Schwarzschild space-time at an arbitrary radius r = r b if we identify the Schwarzschild mass parameter M with F(r b ). Assuming that R is initially a monotonically increasing function of r and rescaling the radial coordinate r, w e can identify r with the circumferential radius R on the initial space-like h ypersurface t = 0 .
Here we search the location of a trapped surface in a collapsing phase. Along a future-directed outgoing null geodesic,
Therefore R = 2 F is a trapped surface, 0 R < 2 F is a trapped region, and 2F < R is an untrapped region.
Tangential pressure for a spherical cloud of counter-rotating particles is given by [9, 10] = 1 2 L 2 ( r ) R 2 + L 2 ( r ) ; (7) where L(r) is the specic angular momentum. Then, the function h is given by
Because of the coupling of Eqs. (3) and (4), the solution given above is not explicit. Here, according to the procedure of Magli [7] , we i n troduce the mass-area coordinates and give an explicit form for the general Datta-Bondi solution. The space-time is written in this coordinates as 
where m agrees with the Misner-Sharp mass F(r). Solving the Einstein equations, we obtain the metric functions A(m; R), B(m; R) and C(m; R) as follows:
where is a proper time of a comoving observer for a mass shell labeled by r. The upper and lower signs correspond to expanding and collapsing phases, respectively. F 1 is the inverse function of F and the existence of it is guaranteed by the positivity o f the energy density, which hereafter we assume. We h a v e dened E 2 (m) 1 + f ( F 1 ( m )). In order to determine an arbitrary function which appears in the expression of p H, we h a v e set R = F 1 (m) o n t h e initial space-like h ypersurface, which corresponds to R(r; 0) = r. We h a v e rewritten L(F 1 (m)) as L(m). 
Note that R = 4 m cannot be crossed.
Now that we h a v e obtained the explicit expression of the Datta-Bondi solution, we i n v estigate the singularity that may occur in collapse of a spherical cloud of counter-rotating particles. Since shell-crossing singularities are considered to be gravitationally weak, we concentrate on shell-focusing singularities which is dened by R = 0 . F urthermore, no light r a y can emmanate from non-central (r > 0) shell-focusing singularities because R = 0 < 2 F for r > 0 and hence it is covered [4] . From the above discussion, it turns out to be sucient to consider central (r = 0 ) shell-focusing singularities in order to discuss whether or not a naked singularity exists. The motion of each shell of r > 0 is described by Eq. (4), i.e.,
where we choose the lower sign because we are considering a collapsing phase. By investigating the shape of the eective potential V (R; r) 2 F
we can get qualitative understanding about the motion of each shell of r > 0. Proceeding to deal with the symmetric center r = 0 , w e take the analyticity there into consideration. We assume that the metric functions and the function h 2 (r; R ) are C 1 class at least in the neighborhood of the center r = 0 before encountering a central singularity. From the dierentiability with respect to the radial coordinate r, the metric variable in the comoving coordinates are expanded as (r; t ) = 0 ( t ) + 2 ( t ) r 2 + 4 ( t ) r 4 + ; (22) R(r; t ) = R 1 ( t ) r + R 3 ( t ) r 
and then (0; t ) = 0 ( t ) = 3 F 3 4 R 1 (t) 3 :
Observing the lowest order of Eq. (4), the time development o f R 1 ( t ) is given by dR 1 d
Since L 2 (r) 0, L 4 0.
First we consider the case of L 4 > 0. From Eq. (29) we nd that R 1 (t) cannot vanish. This result was rstly shown by E v ans [11] . Therefore no central singularity occur for L 4 Since F = O(r 3 ), R(r; t = 0 ) = r cannot be in the inner allowed region 0 R R 1 . This means that R(r; t ) m ust be in the outer allowed region at t = 0 . Therefore we conclude that the region around r = 0, which was initially in a collapsing phase, necessarily experiences a bounce and begins to expand. The motion after that is an eternal expansion for f 0 or an oscillation for f < 0. This implies that, since R > R 2 > 4 F > 2 F , the region around r = 0 is untrapped. We summarize this case by n o c e n tral singularity, no trapped surface and bounce of the region around the center.
We proceed to the case of L 4 = 0. From Eq. (29), we nd that the initially collapsing cloud inevitably form a central shell-focusing singularity after a nite proper time. In order to see whether this central singularity is naked or covered, we examine the motion of the region around the center. Here we dene 
In the same way as for the case of L 4 > 0, we conclude that the region around r = 0, which w as initially in a collapsing phase, necessarily experiences a bounce and begins to expand. The motion after that is an eternal expansion for f 0 or an oscillation for f < 0. This implies that, since R > R 2 > 4F > 2F , the region around r = 0 is untrapped.
Therefore the central singularity is at least locally naked. The space-time can be matched to the Schwarzschild spacetime at an arbitrary radius r = r b , we can construct the space-time with a globally naked singularity. The results given above does not depend on details of initial density distribution.
For C = 4, the behavior depends on the higher order terms. Here we present the critical and most interesting case in which f(r) = 0 and L(r) = 
This behavior means that R approaches 4F asymptotically. This behavior is also the case in an expanding phase for R < 4F , and therefore the sign of R 4F does not change. That is why we have chosen the sign as seen in Eqs. (16)-(19). Then, in the region around the center r = 0, the collapse suers the continuing angular momentum braking. Since R > 4 F > 2 F , the region around the center is untrapped eternally. Therefore the central singularity is at least locally naked and can be globally naked. Furthermore we can prove that a shell-focusing does not occur and the coordinate system is valid at least in the region around the center by showing that 
For the case 0 C < 4, the collapse continues to a covered singularity a t r > 0. In order to see whether the central singularity is naked or not, we h a v e to examine the existence of positive and real roots of the root equation given in the mass-area coordinates by Magli [7] using the explicit form of the solution (10)-(13). Works for 0 C < 4 are now in progress. In summary, w e h a v e i n v estigated the nal fate of collapse of a spherical cloud of counter-rotating particles. We h a v e presented an explicit expression for the solution and shown this is given by an elliptic integral. For marginally bound collapse with angular momentum distribution L(r) = 4 F ( r ), we h a v e succeeded to give an expression by elementary functions. The existence of the lowest order term that is allowed by regularity always guarantees regularity of the evolved center. On the other hand, we h a v e shown that the absence of this term inevitably results in a central singularity in collapse of the cloud. In the former case, the region around the center necessary bounces to an expanding phase. In the latter case, if 47) the region around the center r = 0 bounces to an expanding phase and the central singularity is at least locally naked and can be globally naked by matching to the Schwarzschild space-time. If f(r) = 0 and L(r) = 4 F ( r ), the region around the center slows down and approaches asymptotically to R = 4 F and the central singularity is also naked.
If the limit in Eq. (47) is smaller than 4, the region around the center collapses to a space-like singularity at least at r > 0. These results shows that tangential pressure may undress the covered singularity. In particular, rotation may induce the naked singularity formation. For example, a suciently small, marginally bound, and spherical ball of counter-rotating particles with (r; t = 0) = const and L(r) = 4 F ( r ) collapses to a naked singularity. Our results suggest that the eect of pressure is not negligible. Furthermore anisotropic velocity dispersion of gravitating particles and/or anisotropic pressure which m a y be realized by crystallization in a dense nuclear matter may play an important role in the nal stage of collapse.
